Halfway through the study, a section of the AOV, just caudal to its junction with the dorsal nasal vein, was extirpated on both sides. Before and after AOV surgery, the sheep were housed outdoors at 21-22°C and were exposed in a climatic chamber to daytime heat (40°C) and water deprivation for 5 days. In sheep outdoors, SBC was significantly lower after the AOV had been cut, with its 24-h mean reduced from 0.25 to 0.01°C (t 5 ϭ 3.06, P ϭ 0.03). Carotid blood temperature also was lower (by 0.28°C) at all times of day (t 5 ϭ 3.68, P ϭ 0.01), but the pattern of brain temperature was unchanged. The mean threshold temperature for SBC was not different before (38.85 Ϯ 0.28°C) and after (38.85 Ϯ 0.39°C) AOV surgery (t 5 ϭ0.00, P ϭ 1.00), but above the threshold, SBC magnitude was about twofold less after surgery. SBC after AOV surgery also was less during heat exposure and water deprivation. However, SBC increased progressively by the same magnitude (0.4°C) over the period of water deprivation, and return of drinking water led to rapid cessation of SBC in sheep before and after AOV surgery. We conclude that the AOV is not the only conduit for venous drainage contributing to SBC in sheep and that, contrary to widely held opinion, control of SBC does not involve changes in the vasomotor state of the AOV. brain temperature; evaporative heat loss; thermoregulation ARTIODACTYLS AND FELIDS HAVE the capacity to lower brain temperature below arterial blood temperature through a process termed selective brain cooling (SBC) (for reviews see Refs. 11 and 26). In artiodactyls, blood destined for the brain enters the carotid rete, a bilateral network of small arteries at the base of the brain embedded in the cavernous sinus, a venous lake containing relatively cool blood from the nasal mucosa and other areas of the head. Heat exchange between the warm arterial blood in the rete and the cool venous blood in the sinus cools cerebral arterial blood, so that brain temperature (measured near the hypothalamus) is lower than carotid arterial blood temperature (23). Historically, SBC has been investigated mainly in the laboratory, where it is conspicuous in hyperthermic animals (25). However, recent studies, particularly in free-living animals, have revealed that SBC is not exclusively under thermal control. Nonthermal inputs, particularly sympathetic nervous system activity, also influence its magnitude. While a resting, moderately hyperthermic antelope may exhibit SBC, intense exercise, for example, to escape predation, rapidly leads to a cessation of SBC and an increase in brain temperature (11, 26) .
ARTIODACTYLS AND FELIDS HAVE the capacity to lower brain temperature below arterial blood temperature through a process termed selective brain cooling (SBC) (for reviews see Refs. 11 and 26) . In artiodactyls, blood destined for the brain enters the carotid rete, a bilateral network of small arteries at the base of the brain embedded in the cavernous sinus, a venous lake containing relatively cool blood from the nasal mucosa and other areas of the head. Heat exchange between the warm arterial blood in the rete and the cool venous blood in the sinus cools cerebral arterial blood, so that brain temperature (measured near the hypothalamus) is lower than carotid arterial blood temperature (23) . Historically, SBC has been investigated mainly in the laboratory, where it is conspicuous in hyperthermic animals (25) . However, recent studies, particularly in free-living animals, have revealed that SBC is not exclusively under thermal control. Nonthermal inputs, particularly sympathetic nervous system activity, also influence its magnitude. While a resting, moderately hyperthermic antelope may exhibit SBC, intense exercise, for example, to escape predation, rapidly leads to a cessation of SBC and an increase in brain temperature (11, 26) .
Largely as a result of an elegant series of experiments in reindeer (14 -16) , it is widely held that the mechanism that allows SBC to be facilitated or inhibited involves relative blood flow in two routes of venous return from the nose (11, 26) . Cool blood drains from the nasal mucosa on each side of the head into the dorsal nasal vein, which in turn bifurcates into the angularis oculi vein (AOV) and facial vein. Blood that passes into the AOV drains into the cavernous sinus, and SBC ensues. Blood flowing into the facial vein bypasses the cavernous sinus and flows directly into the jugular vein to allow whole body cooling. Just downstream from the division with the dorsal nasal vein, the AOV contains a muscular sphincter that is activated by ␣-adrenergic stimulation, while the facial vein is activated by ␤-adrenergic stimulation of its smooth muscle. Increased sympathetic nervous system activity is thought to attenuate SBC by constricting the AOV sphincter and dilating the facial vein sphincter, diverting blood away from the cavernous sinus. Conversely, when there is sufficient thermal drive (20) and sympathetic activity is low, the facial vein sphincter constricts, while the AOV sphincter relaxes, and the brain is cooled.
While this model of differential vasoconstriction of superficial cranial veins appears to adequately explain the rapid cessation of SBC with sympathetic activation, it is probably insufficient to explain the control of SBC in all artiodactyls. Occlusion of the AOVs in hyperthermic sheep did not increase brain temperature (29) , while in lightly anesthetized sheep, occlusion of the AOVs led to an increase in brain temperature, but SBC of ϳ0.2°C remained in the absence of flow in the AOVs (21) . Conversely, in goats (3) and reindeer (16) , obstruction of the AOVs resulted in precipitous rises in brain temperature. However, these experiments, in which blood flow was occluded briefly by investigators compressing the veins manually, do not exclude the possibility that high levels of sympathetic activity, associated with stress, attenuated SBC through another mechanism. It also is likely, at least in some species, that the AOV is not the only major conduit for venous return to the cavernous sinus; in sheep and pronghorn antelope, blood from deeper veins in the nose and posterior turbinates passes via the sphenopalatine vein to the deep facial vein and then to the cavernous sinus (4, 17) . The AOV is not present in pigs, yet SBC can be rapidly abolished in these animals (8) .
To clarify the role of the AOV in the control of SBC in artiodactyls, we sectioned the AOVs of sheep, removing part of the vessel and the smooth muscle sphincters (27) caudal to the junction with the dorsal nasal vein, thus eliminating blood flow via this route to the cavernous sinus. Our study is the first to examine the effects of reduced AOV blood flow for Ͼ10 min in any species and the first to use unrestrained animals. We carried out experiments in sheep housed in the field during summer with minimum human interference to reduce possible confounding effects of sympathetic activity induced by stress. We hypothesized that SBC after surgery would be reduced, but not abolished, compared with that in intact animals. If SBC was attenuated so that brain temperature was less independent of core temperature after surgery, we also hypothesized that there would be changes in 24-h patterns of carotid arterial blood and brain temperature. We also further investigated the importance of AOV blood flow in controlling SBC by comparing the effects of dehydration in sheep before and after AOV surgery. In dehydrated sheep exposed to heat, SBC was up to threefold greater than in euhydrated sheep (7), a magnitude of SBC greater than that in response to any other intervention. We tested whether the magnitude of SBC also was enhanced in dehydrated sheep after AOV surgery to determine if blood flow via the AOV mediates the increased SBC with dehydration and also to estimate the maximum capacity of SBC in sheep without AOV blood flow.
MATERIALS AND METHODS

Animals
Experiments were performed on six adult female [42.1 Ϯ 2.3 (SD) kg body mass at the start of experiments] Dorper sheep (Dorset ϫ Persian, Ovis aries). Dorpers are a mutton breed and carry a light wool coat. The sheep were obtained from the South African Agricultural Research Council, Irene, where they had been exposed to temperate summer heat in outdoor enclosures before being transported to our indoor animal facility for initial surgery. All procedures were approved by the Animal Ethics Screening Committee of the University of the Witwatersrand (protocol no. 2004/94/5).
Experimental Protocol
After being housed for Ն2 wk in the indoor animal facility, the sheep underwent surgery for implantation of temperature probes and data loggers (see below). For Ն20 days after this surgery, the sheep remained in the indoor animal facility (22-25°C ambient temperature) with a 12:12-h light-dark cycle (lights on at ϳ0700) or were subjected to procedures to investigate responses to dehydration, as described previously (7) . Lucerne chaff and commercial sheep pellets (Epol, Johannesburg, South Africa) were provided each morning between 0800 and 1000 in the indoor animal facility. Thereafter, the sheep were transported, in two groups (first sheep 1-4, then, 13 days later, sheep 5 and 6), back to the South African Agricultural Research Council, where they were housed in a 1-ha grassed enclosure. The sheep were able to seek cover under a roofed area in the enclosure and did so at night. The sheep were undisturbed by humans, except for feeding of commercial sheep pellets at ϳ1000 each day. Water was provided ad libitum at both housing sites.
Experiments at the outdoor facility were conducted during February and March (Southern Hemisphere summer), when average drybulb temperature was 20.5 Ϯ 1.9°C. Climatic data were obtained from a nearby meteorological station (Irene, South African Weather Services). After 12 (sheep 1-4) or 15 (sheep 5 and 6) days in the outdoor enclosure, the sheep underwent a second surgery, at the outdoor facility, to section the AOVs (see below). Thereafter, the sheep were returned to the outdoor enclosure for an additional 12 days (both groups). At the end of this period, the sheep were transported back to the indoor animal facility, where they again were exposed to heat and deprived of drinking water, as described previously (7).
Briefly, at the indoor facility, the sheep were housed in a climatic chamber, where they were exposed for 8 days to a cyclic regimen of thermal stress: between 1500 and 0900 the room was set at 23°C (40% relative humidity) and between 0900 and 1500 dry-bulb temperature was set to 40°C (57% relative humidity). On the 3rd day of heat exposure, at 1200, drinking water was removed. Drinking water, at 39°C, was returned 5 days (120 h) later to each sheep at 1200. The volume of water consumed by each sheep was measured. Communal drinking water at ϳ18°C was returned 1 h later.
Surgery
Temperature measurement. While the sheep were under general anesthesia and in sterile conditions, we implanted miniature data loggers with thermistor sensors for temperature measurement. Anesthesia was induced by injection of ketamine (2.5 mg/kg im; Anaket-V, Centaur Labs, Johannesburg, South Africa) and medetomidine hydrochloride (0.04 mg/kg im; Domitor, Novartis, Johannesburg, South Africa) and maintained with isoflurane (2-3% in oxygen; Isofor, Safe Line Pharmaceuticals, Johannesburg, South Africa). Once maintenance of anesthesia was adequate, the effects of medetomidine hydrochloride were reversed using atipamezole (0.2 mg/kg im; Antisedan, Novartis). The sheep received prophylactic long-acting penicillin (4 -7 ml im; Peni LA, Phenix, South Africa), an analgesic and anti-inflammatory medication (3.0 -4.5 ml sc; Dexa-Tomanol, Centaur Labs, Johannesburg, South Africa), and 0.1 g of lignocaine (Bayer Animal Health, Johannesburg, South Africa) mixed with epinephrine (Kyron Labs, Johannesburg, South Africa) was injected under the scalp at the site where the brain probe would be inserted to anesthetize the periosteum, reduce pain, and reduce bleeding. Respiratory rate, heart rate, and percent hemoglobin oxygen saturation were monitored throughout surgery.
A thermistor in a blind-ended and thin-walled polytetrafluoroethylene tube (0.9 mm OD; segment of a Straight Aortic Flush 4F Catheter, Cordis, Roden, The Netherlands) was inserted into the left common carotid artery at a position midway along the length of the neck and advanced 80 mm, toward the heart. The base of the thermistor probe was secured by purse-string sutures to the vessel wall, while the remainder of the probe lay free in the arterial lumen. Outside the vessel, the thermistor was connected via polytetrafluoroethylene-covered leads to a data logger (see below). The logger, covered with an inert wax (EXP987, Sasol, Johannesburg, South Africa), was placed in a subcutaneous pouch dorsal to the vessel. For brain temperature measurement, a second data logger was positioned subcutaneously in the neck, behind the left ear. Its lead was advanced subcutaneously to the skull, where it was connected to a headplate and guide tube. The guide tube, constructed from cellulose acetate butyrate tubing (44 mm long, 3.2 mm OD, 1.6 mm ID; World Precision Instruments, Sarasota, FL) and sealed at the tip by a stainless steel cap, was inserted via a hole drilled through the skull. Anatomic markers, verified in our previous study (22) , were used to guide the probe tip near to the hypothalamus. The guide tube was connected to a small polyvinyl chloride headplate (10 ϫ 10 ϫ 3 mm), which was secured to the skull by two bone screws. The headplate and all connecting wires were sutured over with skin, so that no equipment was externalized. Wounds were treated with a topical antiseptic spray (Necrospray, Centaur Labs), and a stent bandage was sutured over the neck wound (the bandage was removed 1 wk after surgery). Surgery lasted ϳ70 min. After surgery, sheep were returned to pens in the indoor animal facility.
Sectioning of AOVs. Anesthesia was induced and maintained and vital signs were monitored during surgery, as described above. The AOV on each side of the head was exposed via a small skin incision, ϳ20 mm caudal to the junction with the dorsal nasal vein. The vessel was ligated, and a ϳ10-mm section of the vessel was extirpated. Sheep received prophylactic long-acting penicillin (4 -7 ml, Peni LA), and wounds were treated with a topical antiseptic spray (Necrospray). Surgery lasted ϳ15 min. After surgery, sheep were returned to the outdoor enclosure.
At the end of all experiments, we used cineangiography to confirm that venous return from the dorsal nasal vein did not flow into the AOVs. Four of the sheep were sedated with ketamine and medetomidine hydrochloride (as described for surgery to implant data loggers); two of the sheep were first exposed to 40°C for 2 h in the climatic chamber, while the other two sheep were taken directly from their pens (at 23°C). A volume (10 -20 ml) of radiopaque dye (0.612 g/ml iopamidol, 300 mg/ml jopamidol; Jopamiron 300, Bracco Pharmaplan, Midrand, South Africa) was injected manually into one of the dorsal nasal veins. Lateral projections were obtained by X-ray (Siemens Tridoros O/T 800, ϳ80 kV, 40 maS). There was no flow into the AOVs; filling was observed only in the facial vein.
Using the anesthetic and surgical procedures described above, we removed data loggers, headplates, and thermistors. All loggers were in perfect order, wounds had healed, and there were no signs of infection. However, one thermistor probe, in the carotid artery of one sheep, broke shortly before the second trial to examine responses to dehydration. Examination of the carotid arteries in all sheep revealed no occlusion; that is, the thermistor probes had measured the temperature of free-flowing blood. We did not attempt to reconnect the AOVs; long-term inspection of sheep with severed AOVs has revealed no ill effects for animals and normal reproductive success (S. K. Maloney, unpublished observations). After recovery from surgery, sheep were returned to stock at the Agricultural Research Council.
Body Temperature Measurement
The miniature data loggers (StowAway, Onset Computer, Pocasset, MA) had dimensions of ϳ50 ϫ 50 ϫ 25 mm and a mass of ϳ50 g when covered in wax. They had a storage capacity of 32 kb, a measurement range from ϩ34 to ϩ46°C, and a resolution of 0.05°C. The loggers were set to record temperatures averaged over 5-min epochs. The wax-coated loggers with their thermistor probes were calibrated against a high-accuracy thermometer (Quat 100, Heraeus, Hanau, Germany) in an insulated water bath, and all had a calibrated accuracy equal to or better than the resolution of the loggers (0.05°C).
Data Analyses
For comparison of SBC and body temperatures when AOVs were intact ("patent AOV") and when AOVs were severed ("cut AOV") at the outdoor enclosure, temperatures in the 7-day period before AOV surgery were compared with temperatures in the 7-day period before the sheep were returned to the indoor animal facility (Fig. 1) . We excluded Ն4 days of data after transport to the field and after AOV ligation to remove possible confounding effects of stress; analyses showed that sheep suppressed SBC for 3 days after transport to the field and on the day following surgery.
SBC was calculated as "carotid blood temperature Ϫ brain temperature," with positive values reflecting SBC. Original 5-min recordings of body temperatures were used to find the daily mean, standard deviation (SD), minimum, maximum, and amplitude of body temperatures, and SBC for each animal. Following Jessen et al. (13), we analyzed the relationship between brain temperature and carotid blood temperature in each animal outdoors by sorting all 5-min measurements of carotid blood temperature into 0.1°C classes and determining the mean, SD, maxima, and minima of brain temperature at each class of blood temperature.
To examine temperatures during heat exposure and dehydration in the climatic chamber when the AOVs were patent and when they were cut, we averaged the temperatures recorded every 5 min between 1000 and 1200 (7); we did not include data after 1200 because of the confounding effects of returning drinking water at 1200 after 5 days of water deprivation. Sheep were considered "euhydrated" on the first 2 days of heat exposure, when water was provided ad libitum, and "dehydrated" on the last 2 days of water deprivation (osmolality increased from ϳ290 to 320 mmol/kg). Comparisons of changes in SBC and carotid blood temperatures over the period of water deprivation were made by fitting a straight line to the mean temperatures (between 1000 and 1200) from the 2nd day of heat exposure (with water) to the 5th day of water deprivation when the AOVs were patent and when they were cut. The slopes and intercepts of the straight lines were compared by F-test.
Temperatures were compared between times when the AOVs were patent and when they were cut by paired t-test. Sample size was six, except in the experiment to investigate responses to water deprivation, where we obtained full data from five sheep. Statistical analyses were carried out using GraphPad Prism 4 (GraphPad Software, La Jolla, CA). P Ͻ 0.05 was considered significant, where mean differences were greater than or equal to 0.05°C (the resolution of the data loggers). All data are reported as means Ϯ SD. Figure 1 shows the experimental protocol and typical pattern of SBC (positive values of carotid blood temperature Ϫ brain temperature), carotid arterial blood temperature, and hypothalamic brain temperature in one sheep in the outdoor enclosure. Dry-bulb temperature was similar in the 7-day periods used for patent AOV and cut AOV analyses (20.9 Ϯ 1.5°C and 21.2 Ϯ 1.4°C, respectively, for sheep 1-4 and 20.4 Ϯ 0.6°C and 18.6 Ϯ 1.0°C, respectively, for sheep 5 and 6). Light-to-moderate rain (maximum 32 mm on 1 day for sheep 5 and 6) fell for part of the day (usually at night) on 2-3 days, in both 7-day periods, for both groups of sheep.
RESULTS
Effect of AOV Blood Flow on SBC and Body Temperatures in Unrestrained Sheep Outdoors
As illustrated for the sheep in Fig. 1 , SBC was significantly lower after the AOVs had been cut, with the daily mean reduced from 0.25 to 0.01°C (t 5 ϭ 3.06, P ϭ 0.03; Fig. 2 ). In association with the fall in the daily mean SBC, the mean daily maximum (t 5 ϭ 4.06, P ϭ 0.01) of SBC also was reduced when the AOVs were cut compared with when the AOVs were patent (Fig. 2) . Similar to the mean daily maximum of SBC, the maximum value of SBC, recorded at any 5-min interval on each day for each animal, also was reduced from 1.17 Ϯ 0.38°C when the AOVs were patent to 0.58 Ϯ 0.17°C when the AOVs were cut (t 5 ϭ 4.33, P ϭ 0.008). The mean minimum value of carotid blood temperature Ϫ brain temperature, reflecting the amount by which brain temperature exceeded carotid blood temperature when SBC was not implemented, was the same when the AOVs were patent and when the AOVs were cut (Ϫ0.27 Ϯ 0.07°C and Ϫ0.33 Ϯ 0.09°C, respectively, t 5 ϭ 1.68, P ϭ 0.15; Fig. 2 ). With the reduced magnitude of SBC, the variability in the difference between carotid blood temperature and brain temperature was reduced after the AOVs were sectioned, as reflected by the lower SD when the AOVs were cut than when the AOVs were patent (t 5 ϭ 4.68, P ϭ 0.006; Fig. 2) . Figure 2 also summarizes the effect of removing AOV flow on the mean daily brain and carotid blood temperatures. The mean daily carotid blood temperature was 0.28°C lower (t 5 ϭ 3.68, P ϭ 0.01) and the maximum and minimum daily carotid temperatures were ϳ0.4°C (t 5 ϭ 4.02, P ϭ 0.01) and 0.2°C (t 5 ϭ 3.07, P ϭ 0.028), lower, respectively, when the AOVs were cut than when the AOVs were patent. The daily amplitude of the carotid blood temperature rhythm also was reduced by ϳ0.2°C (t 5 ϭ 3.70, P ϭ 0.01), while the SD of carotid blood temperature was unchanged (t 5 ϭ 1.37, P ϭ 0.23).
In contrast, daily mean (t 5 ϭ 4.47, P ϭ 0.007, but mean difference was 0.039°C, less than the resolution of the logger) and minimum (t 5
The decrease in mean SBC and carotid blood temperature, but not mean brain temperature, following the severing of the AOV, can be seen clearly in Fig. 3 , which shows average temperatures for sheep 1-6 at 5-min intervals across the 24-h day for the 7 days with patent AOVs and the 7 days with cut AOVs. Despite the mean differences shown in Fig. 2 , sectioning the AOVs did not alter the pattern of the 24-h rhythm of SBC, carotid blood temperature, or brain temperature. Indeed, ultradian rhythms, particularly for the carotid blood temperature-brain temperature difference and for brain temperature, were preserved. Traces of brain temperature across 24 h for each individual animal before and after surgery were remark- ably similar (data not shown) and were even preserved in the averages presented in Fig. 3 . SBC and carotid blood temperature, therefore, were lower at all times of day, while brain temperature did not change when the AOVs were cut compared with when the AOVs were patent.
The decrease in SBC and carotid blood temperature occurred immediately after recovery from surgery. Figure 4 compares temperatures (mean of the 6 sheep) from 1700 on the day of surgery to cut the AOVs (surgery was completed by 1500 for all sheep) and over the next 43 h, with a double plot of the mean temperatures when the AOVs were patent (Fig. 3) . When the AOVs were patent, SBC usually increased from ϳ0.2°C at 1900 to 0.5°C by 2030. This increase in SBC was not evident on the evening after the AOV surgery, with SBC on that night reaching a maximum of only 0.2°C. Similarly, carotid temperature, after surgery, dissociated from the pattern evident when the AOVs were patent, as it decreased from its maximum value at ϳ1700, so that it was ϳ0.3°C lower at about midnight on the night after the AOVs were cut than when the AOVs were patent. During this period, brain temperature was slightly higher than its mean value when the AOVs were patent, but thereafter the pattern was similar (Fig. 3) .
Effect of AOV Blood Flow on the Threshold of SBC in Unrestrained Sheep Outdoors
The overall relationship between carotid blood temperature and brain temperature is further illustrated for each animal in Fig. 5 . The point at which mean brain temperature is equal to mean carotid blood temperature is known as the threshold of SBC. For the six sheep housed outdoors, the mean threshold temperature for SBC was not significantly different when the AOVs were patent (38.85 Ϯ 0.28°C) from when the AOVs were cut (38.85 Ϯ 0.39°C, t 5 Ͻ 10 Ϫ4 , P ϭ 1.00). However, the mean slope of lines of regression of brain temperature on carotid blood temperature above the threshold was significantly lower when the AOVs were patent than then the AOVs were Fig. 4 . Mean brain temperature, carotid blood temperature, and carotid blood temperature-brain temperature difference (SBC shown by positive values) at 5-min intervals for 6 sheep when AOVs were patent and when AOVs were cut over a 2-day period as a function of time of day. Thin line shows a double plot of data in Fig. 3 ; thick line shows temperatures in the 43 h following sectioning of the AOV. Because carotid blood temperature was lower when the AOVs were cut than when the AOVs were patent, we also compared the slopes of the lines above the threshold across the same range of carotid blood temperatures for the sheep before and after the veins had been sectioned (using carotid temperature classes only with a frequency Ͼ10). The slope remained significantly lower when the AOVs were patent than when the AOVs were cut (0.63 Ϯ 0.24 vs. 0.95 Ϯ 0.19, t 5 ϭ 3.6, P ϭ 0.0016). Thus the mean body temperature at which SBC was initiated did not change, but there was decreased sensitivity at carotid blood temperatures above the threshold, resulting in SBC being about twofold greater when the AOVs were patent than when the AOVs were cut.
Effect of AOV Blood Flow on SBC During Dehydration and Rehydration
We also investigated whether the control of SBC was altered after AOV surgery by examining SBC in heat-exposed and dehydrated sheep. As reported previously (7), in the sheep when the AOVs were patent, there was a progressive increase in SBC between 1000 and 1200, over the period of water deprivation when the animals were heat-exposed (Fig. 6) . The carotid blood temperature-brain temperature difference increased by 0.4°C from euhydration to dehydration (from Ϫ0.01 Ϯ 0.14°C to 0.41 Ϯ 0.21°C, t 4 ϭ 3.23, P ϭ 0.03). There was a similar progressive increase, although from a lower baseline, in SBC after the AOVs were cut, with the difference also increasing by 0.4°C from euhydration to dehydration (from Ϫ0.15 Ϯ 0.09°C to 0.28 Ϯ 0.19°C, t 4 ϭ 4.88, P ϭ 0.008).
Comparison of straight lines fitted to the daily mean carotid blood temperature-brain temperature difference data in Fig. 6 (excluding the 1st day with water and the last day after water return) revealed that the slopes of the lines did not differ (0.097°C/day when the AOVs were patent and 0.089°C/day when the AOVs were cut, F 1,8 ϭ 0.26, P ϭ 0.62), but the intercepts were different (Ϫ0.11°C when the AOVs were patent and Ϫ0.25°C when the AOVs were cut, F 1,8 ϭ 5.6, P ϭ 0.046). There was, therefore, less SBC when the AOVs were cut than when the AOVs were patent, but SBC increased by the same magnitude over the period of water deprivation.
In response to water deprivation, however, mean carotid blood temperature was not different in the dehydrated compared with the euhydrated state when the AOVs were patent (39.53 Ϯ 0.27°C during euhydration and 39.85 Ϯ 0.24°C during dehydration, t 4 ϭ 1.86, P ϭ 0.14) or when the AOVs were cut (39.57 Ϯ 0.23°C during euhydration and 39.79 Ϯ 0.34°C during dehydration, t 4 ϭ 0.95, P ϭ 0.40). The slopes and intercepts of straight lines fitted to the carotid blood temperature data in Fig. 6 did not differ: slopes ϭ 0.092°C/day when the AOVs were patent and 0.057°C/day when the AOVs were cut (F 1,8 ϭ 0.31, P ϭ 0.59) and intercepts ϭ 39.30°C when the AOVs were patent and 39.35°C when the AOV were cut (F 1,8 ϭ 0.03, P ϭ 0.86). Carotid blood temperature, therefore, was similar over the period of water deprivation, whether the AOVs were patent or cut.
The return of drinking water, after 5 days of water deprivation, led to abolishment of SBC during heat exposure when the AOVs were patent and when the AOVs were cut (Fig. 6) . As Fig. 6 . Mean (and SD) of carotid blood temperature-brain temperature difference (top; SBC shown by positive values) and carotid arterial blood temperature (bottom) during 2 h (from 1000 to 1200) of heat exposure (40°C) on days when sheep (n ϭ 5) had access to water and during 5 days without water, before (left) and after (right) AOVs were sectioned. Comparison of straight lines fitted to the daily mean carotid blood temperature-brain temperature difference (excluding the 1st day with water and the last day after water return) revealed that the slopes of the lines did not differ (P ϭ 0.62) but the intercept was lower in sheep after the AOVs had been cut than in sheep with patent AOVs (P ϭ 0.046). shown typically for one sheep (Fig. 7) , SBC always was evident between 1000 and 1200 on the 5th day of water deprivation. The return of water (warmed to 39°C) at ϳ1200 led to a rapid rise in brain temperature and abolishment of SBC. The sheep drank 4 -6 liters of water. The return of communal drinking water at ϳ1300 again attenuated SBC.
DISCUSSION
We have shown that the control of SBC in sheep does not depend on AOV blood flow but that the magnitude of SBC is reduced by an absence of blood flow from the dorsal nasal veins to the cavernous sinus via the AOVs. The threshold for SBC in sheep outdoors did not change when the AOVs were cut, and dehydration increased the magnitude of SBC by ϳ0.4°C whether the AOVs were patent or cut. Even in the absence of AOV blood flow, SBC was attenuated rapidly when drinking water was provided after a period of water deprivation. While the AOV provides a conduit for blood to supply the cavernous sinus in sheep, our study confirms that it is not the only pathway. In sheep outdoors, mean daily SBC was reduced from 0.25 to 0.01°C after surgery to sever the AOV. Given that brain temperature exceeded carotid arterial blood temperature maximally by ϳ0.3°C when SBC was not implemented, the magnitude of SBC implemented after sectioning of the AOV was still ϳ55% of that in animals with intact AOVs. Additionally, when the magnitude of SBC was increased by water deprivation, sheep without AOV blood flow exhibited SBC of 0.28°C, compared with 0.41°C before AOV surgery.
In addition to the decrease in the intensity of SBC, the most conspicuous change after AOV surgery in sheep housed outdoors was a decrease in carotid blood temperature at all times of day, on average by 0.28°C. Because SBC magnitude typically increases with increasing core temperature, it could be argued that the decrease in SBC was a consequence of reduced carotid blood temperature. However, at the same carotid blood temperatures above the threshold for SBC, we showed reduced sensitivity for SBC after AOV surgery. At a carotid blood temperature of 39.5°C, for example, SBC was ϳ0.2°C greater when the AOVs were patent than when the AOVs were cut. In addition, despite reaching similar carotid blood temperatures during heat exposure and dehydration, SBC was significantly reduced in sheep without AOV blood flow. The AOV, therefore, clearly acts as a conduit for cool venous blood contributing to SBC, and reducing that supply of cool blood to the cavernous sinus reduces the cooling, in the carotid rete, of arterial blood destined to perfuse the brain.
The decrease in carotid blood temperature after AOV surgery is likely to be a consequence of the reduced capacity for SBC and, therefore, the higher hypothalamic than carotid blood temperature. After the immediate reduction in SBC after surgery, carotid blood temperature also decreased rapidly while brain temperature increased transiently. It has been shown, at least in goats, that about half of the drive for evaporative heat loss is provided by temperature sensors in the hypothalamus (12) . If brain temperature rose as a result of reduced SBC, then an increased drive on heat loss mechanisms would have led to a decrease in carotid blood temperature. Our sheep were acclimatized to heat and, with their wool coat impeding dry heat loss to the environment, probably were using evaporative heat loss at all times of the day. Jugular venous blood temperature (measured, but not reported here) was 0.5-0.7°C lower than carotid arterial blood temperature throughout the 24-h period, with the greatest difference at night (A. Fuller, unpublished observations). A jugular venous blood temperature lower than arterial blood temperature means that the head always was a heat sink for the blood, indicating that the animals were employing respiratory evaporative heat loss (31) . Carotid blood temperature did not decrease transiently; it was regulated at a lower level continuously after surgery in the sheep housed outdoors. A persistent increase in the temperature of blood perfusing the brain appears to have led to a persistent increase in heat loss and regulation of carotid blood temperature around a lower set point. Because the major determinant of brain temperature is arterial blood temperature (10), the fall in carotid arterial blood temperature would have corrected the initial rise in brain temperature. Indeed, a 0.28°C decrease in mean carotid blood temperature corrected the 0.24°C decrease in mean SBC, so that mean brain temperature did not differ in sheep with and without AOV blood flow.
Despite small changes in its daily maximum and amplitude, brain temperature showed a remarkably similar pattern over 24 h before and after AOV surgery, with ultradian oscillations in brain temperature occurring at the same times of day. As expected, these oscillations paralleled similar oscillations in SBC: each time SBC was attenuated (Fig. 3 ), brain temperature rose. Our protocol required that the sheep be housed communally with little human interference, so we do not know why the SBC was attenuated. Similar attenuation of SBC has been seen in pigs (8) and may be related to events such as changes in sleep state or feeding. Ultradian oscillations in the core temperature of sheep, with a frequency of 1-3 h, have been demonstrated previously (28) .
Although SBC has been investigated in many artiodactyls, there are few records showing patterns of SBC over 24 h or at night. SBC, however, has been observed during sleep (8, 10) and is present in sheep exposed to thermoneutral and cold Fig. 7 . Original 5-min records of brain temperature (thick line) and carotid blood temperature (thin line), as a function of time of day, for 1 sheep when its drinking water, heated to 39°C, was returned (large arrow, at ϳ1200) after 5 days of dehydration, before (top) and after (bottom) its AOVs were cut. Communal drinking water (at ϳ18°C) was returned at ϳ1300 (small arrow). Climatic chamber temperature was set to 40°C between 0900 and 1500 and to 23°C at other times.
conditions (2, 22) . We housed the sheep outdoors in February and March with the aim of exposing them to the hottest period of the year, but the climate was unusually cool. Fortuitously, climatic conditions were similar before and after surgery. We did not use a randomized crossover design, because we sectioned the AOVs permanently; use of reversible occlusion through application of chronic mechanical pressure over several days may have damaged the blood vessels, and continuous occlusion of flow would have been difficult to confirm in unrestrained animals. Under the moderate environmental heat load outdoors, carotid blood temperature of the sheep increased by ϳ1°C over the day, but SBC was greater at night, when carotid blood temperature was falling gradually, than during the day. The SBC pattern remained that way after AOV surgery.
The threshold for SBC, or the average brain (and arterial blood) temperature at which SBC was initiated, in our sheep was 38.9°C. Thus, although the sheep implemented SBC at night, the threshold lay within the range of 38.5-39.5°C previously reported for unrestrained artiodactyls. Our finding that the threshold for SBC was unchanged after AOV surgery indicates that SBC in sheep was not controlled by AOV blood flow. Johnsen and colleagues (16) showed that, at rectal temperatures below 38.2°C, flow in the dorsal nasal vein of reindeer was low, the AOV was constricted, and blood bypassed the cavernous sinus. When rectal temperature rose above 39°C, the AOV dilated. One explanation for this pattern is that the vessels changed diameter in response to local temperature changes. However, direct cooling of the AOV did not alter blood flow in the AOV of sheep (21) . While segments of the facial vein in rabbits (33) and camels (6) have been shown to constrict in response to local warming, Johnsen and Folkow (14) found that vasomotor tone of the facial vein in reindeer was largely unaffected by temperature variations. Blood flow in the facial vein of sheep is low, regardless of core and brain temperature, so it appears to play no part in the control of SBC in sheep (21) . Clearly, differential vasoconstriction of the AOV and facial vein as a function of changes in local temperature cannot have established the threshold for SBC in our sheep.
The control of SBC also cannot be explained by efferent sympathetic activity influencing the relative distribution of blood between these two routes. The AOV in sheep possesses ␣-adrenergic receptors (18) , and it is widely held that high sympathetic activity constricts the vessel sphincter, leading to attenuation of SBC (11, 26) . However, even without AOV blood flow, we saw a rapid rise in brain temperature and abolition of SBC in dehydrated sheep in response to the return of drinking water, an event we believe would be associated with excitement and sympathetic activation. We also saw similar rises in brain temperature and absence of SBC when sheep were transported from the field to the laboratory (data not shown). It may be that, in addition to the AOV, other veins supply the cavernous sinus and that the diameter of these veins also is actively controlled. Along its course, the AOV receives blood from the dorsal and lateral nasal veins and the maxillary labial vein and, before traversing the supraorbital foramen, tributaries from the forehead and eyelid. Beyond the supraorbital canal, it continues as the dorsal external ophthalmic vein to the ophthalmic plexus, which drains into the cavernous sinus (4, 17) . Because we sectioned the AOV only near its confluence with the dorsal nasal vein and facial vein, it probably still received some venous blood from other tributaries before the cavernous sinus. It seems unlikely, however, that blood flow from these small veins would be controlled by sphincters. In sheep, a significant proportion of venous effluent probably reaches the cavernous sinus via the sphenopalatine veins (17) . Blood in the sphenopalatine vein passes to the deep facial vein and then into the cavernous sinus. Whether these veins are actively controlled is not known. In reindeer, however, the walls of the sphenopalatine veins contain little smooth musculature (15) .
Another site at which SBC conceivably could be controlled is the nasal cavity, where latent and dry heat exchange reduces nasal mucosal temperature. Maloney and Mitchell (21) showed that, above the threshold for SBC, AOV flow and SBC were inversely proportional to the temperature of the nasal mucosa in sheep. The nasal cavity of mammals contains a large number of arteriovenous anastomoses (5) , which open in response to cold stimulation (19) , as experienced locally with heat exchange in the respiratory passages. It has been suggested that these direct connections between arteries and veins may shunt blood from one area to another, regulating venous return to the cavernous sinus (17) . Maloney and Mitchell argued that the opening of the anastomoses might allow increases in AOV blood flow, without a need for a concomitant change in AOV vascular tone. In sheep, AOV flow is correlated with jugular vein blood flow (21) , and blood flow to arteriovenous anastomoses has been shown to increase from ϳ1.5% of cardiac output in thermoneutral conditions to 11% of cardiac output during heat exposure (9) .
Sympathetic nervous system activity influences the diameter of the blood vessels of the nasal mucosa and appears to alter the shunting of blood through arteriovenous anastomoses. Sympathetic adrenergic nerves innervate the resistance and capacitance blood vessels of the nasal mucosa, with vasoconstriction mediated by ␣-adrenoceptors (32). ␤-Adrenoceptors, which mediate vasodilation, are present but, at least in dogs, appear to be predominant on the posterior outflow veins, where they enhance venous drainage (32) . In response to increased sympathetic activity, the anterior nasal mucosa blood vessels constrict, influencing not only the blood flow to and from the mucosa but also the width of the airways (24, 30) and, thus, the rate of evaporative cooling at the mucosa. In cats, sympathetic nerve discharge distributes blood away from arteriovenous anastomoses to capillary exchange vessels (1) . If sympathetic activity inhibits SBC in this way in sheep, there is no requirement for additional control at the AOV. Indeed, the AOV and the dorsal nasal vein in sheep have thinner walls than the facial vein, so they offer less resistance to dilation when blood flow upstream increases (27) . Presumably, the sphenopalatine pathway to the cavernous sinus also is a low-resistance system for venous drainage. Clarification of the exact effects of sympathetic nervous system activity on blood flow in the nose of artiodactyls and the consequences for brain temperature regulation requires further investigation.
The mechanism through which dehydration increases SBC also is not known (7), but our data show that it does not appear to rely on additional cool venous blood being supplied to the cavernous sinus from the AOV. We found that progressive dehydration increased the magnitude of SBC by a similar amount in the sheep before and after AOV surgery but that SBC consistently was lower in the sheep after AOV surgery. This finding supports the concept that venous blood flow upstream of the AOV is increased and that this blood can be diverted to the cavernous sinus via other pathways in the absence of the AOV.
Perspectives and Significance
We have shown that AOV blood supply to the cavernous sinus is not a prerequisite for SBC to occur in sheep and is not required for the control of SBC. Dehydrated, heat-exposed sheep with cut AOVs exhibited SBC of 0.3°C, only 0.1°C less than that before surgery, and a magnitude still likely to be sufficient to induce water savings through cooling of hypothalamic sensors (26) . Our findings do not support the widely accepted idea that differential blood flow via the AOV and facial veins, as a consequence of changes in diameter of the veins, controls SBC. Rather, we believe it is likely that SBC is implemented when hypothalamic temperature exceeds the threshold for SBC and nasal mucosal temperature is relatively low due to heat loss associated with ventilation (21) . Under such conditions, venous outflow from the nose is high and blood is routed passively through various dilated veins supplying the cavernous sinus. In response to high sympathetic nervous system activity, nasal mucosal blood vessels constrict and arteriovenous anastomoses close, rapidly reducing venous effluent and, consequently, the supply of cool blood to the cavernous sinus. Less cool blood reaching the cavernous sinus reduces SBC and causes a rise in brain temperature. While it is clear that the AOV is a conduit for venous blood from the nasal mucosa to the cavernous sinus, our results show that the control of SBC in sheep, and likely other artiodactyls as well, is more complicated than originally thought and cannot be explained only by changes in blood flow in the AOV.
